ABSTRACT
WEST NILE (WN) VIRUS has spread to 44 states and the District of Columbia since the 1999 outbreak in New York (Centers for Disease Control and Prevention 2002) . Culex species have been identiÞed as the primary vectors of WN in endemic regions of the Old World (Nir et al. 1968 , McIntosh et al. 1976 , Hayes et al. 1982 , Hayes 1989 and in the United States (Turell et al. 2000) . As WN rapidly approaches the West Coast, it is crucial to examine the potential of different California mosquito species to transmit the virus. Vector competence studies by Goddard et al. (2002) demonstrated that several Culex species in California, including Culex tarsalis Coquillett, Culex pipiens pipiens L., and Culex pipiens quinquefasciatus Say, are highly susceptible to infection and efÞcient vectors. Vector competence data deÞned the potential role of these species in horizontal virus ampliÞcation but did not ascertain their role as an overwintering virus reservoir.
Vertical transmission is a possible mechanism to augment WN horizontal transmission during the warmer months when mosquitoes are active and for virus to survive during winter when mosquito reproductive activity is low or absent. Because Cx. tarsalis females overwinter in reproductive diapause (Reisen et al. 1986 ) and do not take blood meals (Bellamy and Reeves 1963) , vertical transmission is the only mechanism by which overwintering females may acquire a virus infection. We deÞne vertical transmission as the passage of virus from an infected female parent to her F 1 progeny. Vertical transmission has been demonstrated for other ßaviviruses, including Japanese encephalitis (Rosen et al. 1978 , Rosen et al. 1989 , yellow fever (Aitken et al. 1979) , dengue (Rosen et al. 1983) , and Kunjin viruses (Tesh 1980) . In North America, vertical transmission was reported for Saint Louis encephalitis virus by Culex mosquitoes (Francy et al. 1981 , Hardy et al. 1984 , Nayar et al. 1986 ).
The Þrst conclusive evidence that WN virus may be transmitted vertically was reported by Baqar et al. (1993) . Subsequently, Þeld evidence supporting vertical transmission was obtained by isolating virus from a pool of four male Culex univittatus Theobald collected in Africa and detection of WN virus in overwintering Cx. p. pipiens in New York (Nasci et al. 2001) . Vertical transmission of WN virus also was demonstrated experimentally for North American Cx. pipiens (Dohm et al. 2002) . In California, Culex species could potentially play a similar role as both horizontal ampliÞcation vector and overwintering reservoir host.
We that these mosquitoes will play in the maintenance of WN virus in California. Targeting the mosquitoes most likely to be responsible for WN virus transmission will be critical for the design of arbovirus surveillance and intervention by mosquito control focused on certain species and/or populations within species.
Materials and Methods
All experimental work was carried out in the biosafety level 3 containment facility at the Center for Vector-borne Disease Research, University of California, Davis.
Virus. Mosquitoes were infected with WN virus strain 352611 AAF 9/23/99, which was isolated from a ßamingo in New York and passaged twice in Vero (African green monkey kidney) cells before use in this study.
Mosquitoes. Three species of Culex mosquitoes were collected as host-seeking females from natural habitats by using dry ice-baited traps: Culex pipiens pipiens (Shasta County), Cx. p. quinquefasciatus (Kern County), and Cx. tarsalis (Yolo and Riverside counties). Recent genetic studies have shown that there is considerable introgression among Cx. pipiens complex populations in the Central Valley of California (Urbanelli et al. 1997 , Cornel et al. 2003 .
Mosquito Infection and Oviposition. Female mosquitoes were inoculated with 10 2.7 Ϯ 0.1 plaque-forming units (PFUs) of WN virus (e.g., 0.1 l of 10 6.7 Ϯ 0.1 PFUs of WN virus per 1.0 ml). Inoculated mosquitoes were held for 5 d at a photoperiod of 16:8 (L:D) h, 28ЊC, and provided a 10% sucrose solution ad libitum. Sucrose solution was removed 24 h before blood feeding. Mosquitoes were Þrst offered an opportunity to feed on chicks. Use of chickens in this study was approved by the University of California Davis Animal Care and Use Committee under protocol 10101. Those that did not feed on the chicks were offered an artiÞcial blood meal of deÞbrinated rabbit blood and 2.5% sucrose. Engorged mosquitoes were sorted and held for 4 d at the same conditions as described above, after which, they were offered water onto which they could oviposit. After laying eggs, up to Þve females were frozen at Ϫ80ЊC until assayed for virus.
Mosquito Rearing. Because of space limitations, egg rafts from infected females were hatched collectively at 28ЊC, and larvae were pooled. Approximately 100 larvae were transferred to each plastic rearing pan (30 by 25 by 5 cm). Larvae were fed every other day a ground mixture of 1:2:2 ratio of tropical Þsh food ßakes (Tetra, Blacksburg, VA), rabbit pellets, and bovine liver powder (ICN Pharmaceuticals Biochemicals Division, Aurora, OH), and reared at 18ЊC, and a photoperiod of 16:8 (L:D) h. Pupae were transferred to 28ЊC and adults then maintained for 3 d at 28ЊC.
Mosquito Pools. F 1 progeny adults were sorted into pools by sex (males or females) containing Յ25 mosquitoes. Pools were frozen at Ϫ80ЊC until assayed.
Second Oviposition. Relatively large numbers of Cx. p. pipiens survived after the Þrst oviposition and were offered a second blood meal and allowed to oviposit again. Eggs were collected, larvae were reared, and a second group of F 1 progeny was processed as described above.
Plaque Assay. Pools of mosquitoes were ground in 1.0 ml of mosquito diluent (phosphate-buffered saline, 20% fetal bovine serum, and antibiotics) by using 5-mm glass beads in a SPEX mixer mill and centrifuged for 20 min at 2,500 rpm. Plaque assays were conducted as described in Goddard et al. (2002) .
Results and Discussion
California Culex varied in their ability to vertically transmit WN (Table 1) . Culex tarsalis from Yolo County had the highest minimum Þlial infection rate (MFIR) of 6.9/1,000 with 15 of 86 pools containing detectable virus. The mean titer of positive pools was 10 4.7 Ϯ 0.4 PFU/ml and ranged from 10 1.7 to 10 6.5 PFU/ ml. We did not detect WN virus in 102 pools of F 1 progeny from Cx. tarsalis collected in Riverside County. Similarly, we did not detect vertical transmission of WN virus in 197 pools of F 1 progeny of Cx. p. pipiens from Shasta County. The Þrst oviposition from Cx. p. pipiens yielded no detectable virus in 176, and the second oviposition consisting of 21 pools also tested negative. With two of 28 pools positive, Cx. p. quinquefasciatus had a MFIR of three mosquitoes positive per 1,000 progeny. The mean titer of the two pools was 10 5.7 Ϯ 0.1 PFU/ml. Culex tarsalis, Cx. p. pipiens, and Cx. p. quinquefasciatus are expected to contribute to WN transmission in California. All three are competent laboratory vectors (Goddard et al. 2002) and readily feed on birds (Reisen and Reeves 1990) , characteristics that make them a focus of concern for horizontal enzootic WN transmission. Results from the current study indicate (Baqar et al. 1993 , Dohm et al. 2002 . Similarly, females from that same location were the most efÞcient horizontal vectors to date of WN tested from California. The southern California Cx. tarsalis population from Riverside County did not transmit WN vertically, indicating that there may be geographic variation in competence among populations of this species that will affect their respective contributions to WN transmission in California. This conclusion is supported by previous studies that demonstrated marked geographical variation in the vector competence of Cx. tarsalis for the Alphavirus, western equine encephalomyelitis (Hardy et al. 1976) . Geographical variation was also observed in the vector competence of WN virus for mosquitoes in the Cx. pipiens complex (Goddard et al. 2002) . Variation in vertical transmission rates among Cx. tarsalis and Cx. pipiens species may also be explained by individual differences in susceptibility to WN infection. Because we pooled progeny from multiple females, we cannot ascertain whether infected offspring were the progeny of one or multiple females. Shroyer (1990) suggests that large sample sizes and testing families separately is more informative than analysis of pooled progeny for predicting vertical transmission rates in nature.
Additional Þeld and laboratory studies are planned. After WN invades California, Culex reared from Þeld-collected immatures and adult males collected at resting sites will be assayed to detect rates of natural vertical infection. Geographic and familial variation of vertical transmission among populations of Cx. tarsalis and members of the Cx. pipiens complex will be tested experimentally to better deÞne the extent of transmission differences within these species, the mechanism(s) that support those differences, and their relative importance to WN transmission in California. Effective vertical transmission of WN by multiple Culex species may facilitate the persistence of WN in California and complicate intervention through mosquito control.
